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Summary
Objective: The frequently used anterior cruciate ligament transection (ACLT) model of osteoarthritis (OA) in the dog, makes use of a
permanent trigger (joint instability) for inducing degenerative changes. The present study evaluates a canine model of degenerative cartilage
damage, mimicking OA, which is induced without making use of permanent joint instability.
Methods: The articular cartilage of the weight-bearing areas of the femoral condyles in one knee of ten beagle dogs was damaged by making
grooves, without damaging the subchondral bone. Surgery was followed by 10 weeks intensiÞed loading of the affected joint. Subsequently,
joint damage and inßammation were evaluated. The effects were compared with those of the ACLT model.
Results: Histological analysis showed chondrocyte clusters around cartilage lesions and moderate loss of proteoglycans in the groove
model. Synovial inßammation was mild. Biochemical analysis of cartilage showed changes in matrix proteoglycan turnover, proteoglycan
content, and collagen damage, all characteristics of OA. Synovial ßuid MMP-1, -3 and -13 activity was enhanced. Changes were found in
condyles and plateau, were similar for all animals tested, and were similar to the changes observed in the ACLT model.
Conclusion: The presently described canine groove model shows characteristics identical to those seen in the ACLT model but differs in
a way that the changes are induced without joint instability. The latter is expected to make the groove model more sensitive to treatment.
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Osteoarthritis (OA), a highly prevalent degenerative joint
disorder, is characterized by damage to articular cartilage
and subchondral bone and is frequently accompanied by
secondary mild synovitis1,2. A disease modifying treatment
for OA is not available. Ideally, therapies to prevent pro-
gression should be applied early in the course of OA.
However, clinical in vivo and ex vivo studies of early
disease are difficult. When clinical characteristics of OA
(e.g. pain, loss of mobility, and radiographic narrowing of
the joint space) manifest, the actual changes in articular
cartilage and subchondral bone have started long ago.
To study early stages of OA in vivo, several animal
models have been developed3,4. A frequently used model
is the anterior cruciate ligament transection model in
dogs512. In this model, permanent instability in the knee
(stiße) joint is followed by degenerative changes in cartilage
and changes in synovial tissue (representing secondary145synovitis) that, over the course of several years, lead to
canine OA7, which resembles human clinical OA. This
model has been shown to be very useful for in vivo
evaluation of many treatment strategies for OA (e.g. 812).
On the other hand, temporary triggers (e.g. trauma with
local cartilage damage) are also a major cause of OA in
humans. For this reason, models with a temporary trigger
inducing OA may be valuable for the evaluation of therapy
as well. Moreover, such models might be more sensitive to
treatment, because there is no permanent trigger (joint
instability) that persists during the course of OA, counter-
acting the possible beneÞcial effects of therapy, speciÞcally
in long-term follow-up after treatment has stopped.
Surgical models of articular condylar defects that do not
cause axial misalignment or instability of the knee joint
have been described (e.g. 1315). In a postulated model of
OA in rabbits13, a femoral condylar defect (5 mm diameter)
on the weight-bearing area resulted in progressive osteo-
arthritic changes in the affected area of the femoral condyle
and in the unaffected tibial plateau directly beneath it. In
contrast to the progressive degenerative changes in
defects created by chondral damage, defects created by
subchondral abrasion can heal by regeneration of cartilage.
Damage to the subchondral bone is found to enhance the
repair capacity of the cartilage, although the nature of the
tissue differs between studies1618. Important in the healing
capacity of defects in articular cartilage may be weight
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ANIMALS
Twenty-three female beagle dogs, aged 12 years,
weighing 1015 kg, were obtained from the animal labora-
tory of the Utrecht University, the Netherlands. They were
housed in groups of two dogs per pen, and were let out for
at least 2 h daily on a patio in large groups. They were fed
a standard diet and had water ad libitum. For this
study ethical approval was given by the Utrecht University
Medical Ethical Committee for animal studies.ANESTHESIA, SURGERY, AND POST-SURGICAL TREATMENT
After induction with Nesdonal, dogs were anesthetized
with halothane in a mixture of oxygen and nitrous oxide
delivered endotracheally. Surgery was carried out through
a 22.5 cm medial incision close to the ligamentum patel-
lae in the left knee. Care was taken to prevent bleeding
and soft tissue damage as much as possible. After
surgery, synovium, fasciae and skin were sutured. The right
unoperated knee served as a control. The animals received
analgesics (Buprenorphine 0.01 mg/kg) and antibiotics
(Amoxicyclin 400 mg/kg) during the Þrst 3 days after sur-
gery. Starting 2 days after surgery, the dogs were let out on
the patio again daily. At the end of the experiment the dogs
were killed with an intravenous injection of Euthesate. Both
hind limbs were amputated and within 2 h synovial ßuid,
synovium and cartilage were collected and processed.
Procedures were carried out under laminar ßow conditions.
All parameters have been determined in all animals unless
indicated otherwise.GROOVE MODEL
In 13 animals, the cartilage of the lateral and medial
condyles was damaged with a Kirschner-wire (1.5 mm
diameter) that was bent 90° at 0.5 mm from the tip. This
way the depth of the grooves was restricted to 0.5 mm. In
utmost ßexion, ten longitudinal and diagonal grooves were
made on the weight-bearing parts of femoral condyles
without damaging the subchondral bone (see Fig. 1). The
latter was checked by histology at the end of the exper-
iment. There was no absolute visual control over the
procedure, but macroscopic evaluation after termination of
the animals showed similar patterns in all knees treated.Two days after surgery, the dogs were forced to load the
joint with the mechanically damaged cartilage by Þxing
the contra-lateral right limb to the trunk 3 days per week
for approximately 4 h per day during a total period of
10 weeks. The severity of OAwas evaluated 10 weeks after
surgery for ten dogs and 40 weeks after surgery for the
remaining three dogs.ACLT MODEL
In 10 animals anterior cruciate ligament transection
(ACLT) was carried out according to standard procedures
using blunt curved scissors20. A positive anterior drawer
sign conÞrmed completeness of the transection. The sever-
ity of OA was evaluated 15 weeks after surgery in stead of
10 weeks, because in previous studies 10 weeks (in our
hands) was found to be critical to guarantee signiÞcant
changes in beagle dogs.SYNOVIAL TISSUE ANALYSIS
Three infrapatellar synovial tissue samples per joint
(medial, middle and lateral) were Þxed in 4% phosphate-
buffered formalin (pH 7.0) and embedded in paraffin.
Deparaffined sections were stained with hematoxylin-
eosin. The histological sections were examined separately
in random order and independently by two observers who
were not aware of the source of the synovium. Each
specimen was analysed to determine the degree of inßam-
mation, using the slightly modiÞed21 criteria described by
Goldenberg and Cohen22. In brief, the severity of synovitis
was graded from 010 by adding the scores for three
histological criteria, namely, synovial lining cell hyperplasia
(02), villous hyperplasia (03), and cellular inÞltration by
(perivascular) mononuclear and polymorphonuclear leuko-
cytes (05). For assessing the overall grade, the three
specimens from each knee were considered as a unit.Tibial
plateau
Experimental
Femoral
condyles
Experimental Control
Fig. 1. Schematic drawing of localization of grooves made (left
panel) and tissue sampling (right panel). For histological and
biochemical analysis cartilage samples were obtained from pre-
determined locations on the weight-bearing areas of the femoral
condyles and the tibial plateau of both experimental and control
knee joints. The locations are identically paired with the same
location in the contralateral joint (as an example those with similar
Þgures).SYNOVIAL FLUID MMP ACTIVITY
MMP activity was measured using ßuorogenic substrates
that were synthesized according to the method describedbearing. In horses, defects in femoral condyles in non-
weight-bearing areas repaired completely (in time indistin-
guishable from surrounding cartilage), in contrast to defects
in the weight-bearing areas19. Also in this model degenera-
tive changes in the tibial cartilage opposing the defect were
found. The results of these and other studies suggest that
chondral mechanical damage, without damage to the
subchondral bone, when followed by intensiÞed mech-
anical loading may result in permanent degenerative
changes in the joint.
In the present study this approach was used to induce
degenerative changes in the canine knee. In this model the
articular cartilage of femoral condyles is damaged without
affecting the subchondral bone and followed by intensiÞed
loading of the affected joint. We investigated whether the
degenerative changes of this model are comparable to
those in the canine ACLT model.
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tides via the cysteins thiol function using iodacetamide
ßuorescein (Fluka)24. All MMP assays were performed in
20-fold diluted synovial ßuid samples in the presence of
EDTA-free general proteinase inhibitor cocktail Complete
(Roche) to prevent conversion of the ßuorogenic substrates
by proteinases other than MMPs. All dilutions were pre-
pared in Tris buffer pH 7.5 (50 mM Tris, 5 mM CaCl2,
150 mM NaCl, 1 M ZnCl2, 0.01% Brij-35, 0.02% NaN3).
MMP-1 activity was assessed using ßuorogenic substrate
TNO113-F (5 M, Dabcyl-Gaba-Pro-Cha-Abu-Smc-His-
Ala-Cys(Fluorescein)-Gly-Lys -NH2; Cha, cyclohexyla-
lanine; Abu, aminobutyric acid; Smc, S-methyl-cysteine)
as described elsewhere25,26. MMP-3 activity was deter-
mined using substrate TNO003-F (5 M Dabcyl-Gaba-
Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-Cys(Fluorescein)-
Gly-NH2) (24,27). MMP-13 activity was measured with
substrate TNO013-F (5 M, Dabcyl-Gaba-Pro-Arg-Gly-
Leu-Cys(Fluorescein)-Ala-Lys-NH2). For all assays, MMP
activity levels were converted to amounts of active enzyme
using calibration curves of MMP-1, -3 or -13 respectively,
and expressed as fmole active enzyme per 5 l synovial
ßuid.CARTILAGE ANALYSIS
For histological and biochemical analysis cartilage
samples were obtained from predetermined locations on
the weight-bearing areas of the femoral condyles and the
tibial plateau of both experimental and control canine knee
joints. The locations are identically paired with the same
location in the contra-lateral joint (see Fig. 1). Cartilage was
cut as thick as possible, with care being taken to exclude
the underlying bone. Samples were kept in phosphate-
buffered saline (PBS, pH 7.4) and then cut into square
full-thickness pieces and weighed (515 mg).
For histology, four samples from tibial plateau and four
from femoral condyles from each knee were Þxed in 4%
phosphate-buffered formalin containing 2% sucrose
(pH 7.0). Cartilage degeneration was evaluated in
safranin-O fast-green iron hematoxylin-stained sections by
light microscopy according to the slightly modiÞed28 criteria
of Mankin29. Specimens were graded in random order
by an observer unaware of the source of the cartilage.
The average score of the four specimens was used for
statistical evaluation.
For biochemical analysis the cartilage samples were
cultured individually in 96-well culture plates (NUNCLON®,
Denmark) in 200 l culture medium (Dulbeccos ModiÞed
Eagles Medium (DMEM) supplemented with 0.085 mM
ascorbic acid, 2 mM glutamine, 100 IU/ml penicillin,
100 mg/ml streptomycin, and 10% heat-inactivated beagle
serum). Cultures of cartilage explants were performed
according to standard procedures as described pre-
viously30. For femoral condyles and tibial plateau each,
cartilage proteoglycan (PG) content, PG synthesis, PG
retention, and PG release as well as DNA content were
determined and averaged for six explants per parameter20.
Collagen damage was determined and averaged for four
explants for each of the two joint compartments.COLLAGEN DAMAGE
Degraded collagen was measured as described
elsewhere31. In short, after extraction of PGs, degradedcollagen molecules in the insoluble collagen network were
selectively digested with -chymotrypsin at 37°C. The
supernatant, containing the fragments derived from the
digested collagen molecules, was removed and hydro-
lysed, as was the insoluble matrix left after -chymotrypsin
digestion. The hydroxyproline content of both pools was
used to calculate the percentage degraded collagen
present in the samples.DNA CONTENT
The DNA content of the cartilage samples was deter-
mined as a measure of the cellularity of the cartilage. In
part of the papain digest of the ex vivo cartilage samples
DNA was stained with the ßuorescent dye Hoechst 33258
as described earlier32. Calf thymus DNA (Sigma D-4764)
was used as a reference. The DNA content of the cartilage
samples is expressed as mg DNA normalized to the wet
weight of cartilage (mg/g).PROTEOGLYCAN (PG) SYNTHESIS
As a measure of PG synthesis, the rate of sulfate
incorporation was determined ex vivo30. After 1 h of pre-
culture, 148 kBq Na352 SO4 (Dupont, NEX-041-H, carrier-
free) in 10 l DMEM was added to each sample. After 4 h,
the cartilage samples were washed with cold PBS and
digested with papain for 2 h at 65°C. Glycosaminoglycans
(GAGs) were precipitated by addition of cetylpyridium
chloride (CPC), and 35SO2−4 -labeled GAGs were measured
by liquid scintillation analysis. The total sulfate incorpor-
ation rate of each cartilage sample was calculated using
the speciÞc activity of the medium and was normalized to
the wet weight of the explants. Synthetic activity is
expressed as nmoles of sulfate incorporated per hour per
gram wet weight of the cartilage (nmol/h*g).PROTEOGLYCAN RELEASE
For determination of the release of the newly synthe-
sized PGs as a measure for retention of these PGs, the
release of 35SO2−4 -labeled PGs in the medium was deter-
mined. After labeling (see above) the cartilage samples
were rinsed three times for 45 min in 1.5 ml complete
medium and then incubated in 200 l fresh culture medium
without sulfate label for 3 days. Thereafter the samples
were washed with cold PBS and GAGs were precipitated
from the medium and were stained with Alcian Blue dye
solution, as described previously30. The 35SO2−4 -labeled
GAGs were measured by liquid scintillation analysis and
the release was normalized to the speciÞc activity of the
medium and the wet weight of the explants and expressed
as nmol/mg per 3 days. The release of newly formed PGs
is normalized to the total amount of newly synthesized
PGs and expressed as percentage release of newly formed
PGs in the 3 days (% new PG release).
For the total release of PGs, blue staining of the medium
was quantiÞed photometrically with chondroitin sulfate
(Sigma C4384) as a reference. The total amount of GAGs
released (blue staining) is expressed as a percentage of
the original tissue content (% GAG release).PROTEOGLYCAN CONTENT
As a measure of PG content of the cartilage samples the
amount of GAGs was determined as described pre-
viously30. The GAGs in the papain digest of cartilage
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described above. The GAG content in mg was normalized
to the wet weight of the cartilage explants (mg/g).CALCULATIONS AND STATISTICAL ANALYSIS
Unless indicated otherwise, mean values (N=10
knees)±S.E.M. are presented. The paired Students t-test
was used to compare data for the experimental and contra-
lateral control joints in the animal models (skewness was in
more than 75% of the cases between −1 and +1). The
unpaired t-test was used to compare both models by
examining the difference between control and experimental
knees (percentage differences were used for the biochemi-
cal parameters and absolute (delta) differences for the
histological parameters). P values less than 0.05 were
considered statistically signiÞcant.ResultsSYNOVIAL INFLAMMATION
Macroscopic evaluation of the synovial tissues showed
no or only very mild signs of inßammation. Light micro-
scopic examination of synovial tissue of the groove model
showed slightly more severe inßammation in the exper-
imental joints than in the contra-lateral control joints
[Table I, P<0.0001; representative micrographs shown in
Fig. 2(a)]. In the ACLT model inßammation was statistically
signiÞcantly more severe in experimental joints than in
control joints (Table I). Interestingly, inßammation was sig-
niÞcantly more enhanced in the ACLT model than in the
groove model (P≤0.006; Table I). Inßammation in the
groove model 40 weeks after surgery was similar
compared to 10 weeks after surgery (N=3; modiÞed
Goldenberg and Cohen score 2.3±0.2 compared to contra-
lateral control joints, 0.4±0.1; P≤0.006). Synovial tissue ofcontrol knees did not differ between the groove and ACLT
model.SYNOVIAL FLUID MMP ACTIVITY
The enzyme activity of MMP-1, MMP-3 and MMP-13,
proteinases involved in cartilage breakdown, was
enhanced in the synovial ßuid of the experimental joints in
the groove model (Table II). This increase was evident for
all individual animals tested (data not shown). MMP activity
remained increased in the synovial ßuid for at least
40 weeks (up to four-fold; N=2, from one of the three
animals synovial ßuid could not be obtained from the
control knee). The increase in MMP activity was more
profound in the ACLT model than in the groove model
(Table II).Table I
Changes as a result of experimental OA in the ‘groove’ model (at 10 weeks) compared to those in the ACLT model
Groove model ACLT model P≤3
C E P≤  change C E P≤  change
Synovial inßammation1 1.0±0.3 2.3±0.01 0.002 1.2±0.3 0.7±0.1 3.2±0.1 0.0001 2.5±0.1 0.006
Cartilage damage2 femoral 0.04±0.1 3.2±0.4 0.0001 2.8±0.4 0.1±0.1 1.3±0.3 0.002 1.2±0.3 0.004
tibial 1.2±0.1 2.1±0.6 0.096 0.9±0.6 0.8±0.1 2.3±0.3 0.001 1.7±0.4 ns
Mean values ±S.E.M. are given (N=10). Absolute changes () between experimental (E) and control (C) knees were calculated and
averaged. 1Synovial inßammation histologically scored according to modiÞed criteria of Goldenberg and Cohen (maximum score=10).
2Cartilage damage histologically determined according to modiÞed criteria of Mankin (maximum score=11). 3Statistical comparison between
the changes in the groove model and the ACLT model.Table II
Matrix metalloproteinase activity in synovial fluid in the ‘groove’ model (at 10 weeks) and in the ACLT model
Groove model ACLT model P≤1
C E P≤ % change C E P≤ % change
MMP-1 58.9±3.3 122.3±22.4 0.041 +107±33 34.7±1.1 152.6±25.4 0.03 +296±63 0.036
MMP-3 10.3±2.2 47.3±19.4 0.102 +313±113 6.3±2.5 34.5±9.2 0.08 +650±273 0.294
MMP-13 0.8±0.1 1.5±0.2 0.002 +101±6 0.3±0.0 1.3±0.1 0.01 +425±90 0.008
Mean values ±S.E.M. are given; N=5. MMP activity is expressed in fmole active enzyme per 5 l synovial ßuid. Percentage change is
calculated as a percentage of the contralateral control knee. 1Statistical comparison between the changes in the groove model and the
ACLT model.CARTILAGE
In some cases, osteophyte (-like) structures were
observed on macroscopic inspection. Because of difficul-
ties in objective evaluation it was decided not to include a
scoring of osteophytes. The grooves made in the weight-
bearing cartilage of the femoral condyles could be seen
macroscopically in the experimental joints 10 weeks after
surgery. They were spread over most of the surface area of
the condyles and showed similar patterns for all affected
knees. The surface of the cartilage around the grooves i.e.
over the entire weight-bearing surface, was Þbrillated. The
tibial plateau of the experimental joints, which was not
damaged during surgery, showed mild Þbrillation at weight-
bearing areas. Cartilage of femoral condyles and tibial
plateau appeared mildly swollen. This was conÞrmed by a
slightly, although not statistically signiÞcantly decreased
DNA content when expressed per tissue wet weight (see
below). Control knee joints were normal, with smooth white
g
l
0Fig. 2. (a) Representative light micrographs of synovial tissue (H-E stained) obtained from a control joint (C; modiÞed Goldenberg and Cohen
rade 0) and experimental joint (E; modiÞed Goldenberg and Cohen grade 2) of the groove model at 10 weeks follow-up. (b) Representative
ight micrographs of condylar (top) and tibial cartilage (bottom; Safranin-O stained). Control joint (C, left panel; modiÞed Mankin grade 0 and
) and experimental joint (E, middle panel; modiÞed Mankin grade 5 and 4) of the groove model at 10-weeks follow-up, and of the ACLT
model (right panel; modiÞed Mankin grade 4 and 5) are shown.
150 A. C. A. Marijnissen et al.: Canine model of OAcartilage. Histological analysis showed chondrocyte
clusters around the cartilage lesions and moderate loss
of matrix PGs [representative micrographs shown in
Fig. 2(b)]. None of the grooves was found to have
penetrated the subchondral bone. The average modiÞed
Mankin score of cartilage degeneration in the experimental
femoral cartilage of the groove model was indicative of
mild-to-moderate damage (Table I). This was also
observed, although to a lesser extent, in tibial cartilage of
this model. Slightly more severe histological cartilage
damage was found 40 weeks after surgery (N=3, 0.2±0.1
vs 3.6±0.8 and 1.3±0.1 vs 3.7±0.3, P≤0.03 and P≤0.01 for
control vs experimental joints for femoral and tibial carti-
lage, respectively). In the ACLT model mild histological
damage was found as well, in femoral and tibial cartilage
(Table I). The change in histological femoral cartilage
damage (experimental compared with the contralateral
joints) was statistically signiÞcantly more severe in the
groove model than in the ACLT model (P<0.004; Table I).
Cartilage histology of control knees did not differ between
both models.CARTILAGE COLLAGEN DAMAGE
Collagen is important for the tensile strength of cartilage,
and collagen damage is suggested to be one of the Þrst
features in cartilage degeneration. In the groove model,
10 weeks after surgery, collagen damage in femoral
cartilage was statistically signiÞcantly enhanced in the
experimental joints compared with that in the control joints
(Fig. 3, left panel). Very consistently, this effect was
observed for all 10 animals. The percentage denatured
collagen in tibial cartilage was increased as well, although
not statistically signiÞcant (Fig. 3, right panel). Forty weeks
after surgery collagen damage was still evident (N=3;
5.1±0.1 vs 9.2±1.0 and 7.6±0.7 vs 8.7±0.2% denatured
collagen, P≤0.03 and P≤0.09 for control vs experimental
joints for femoral and tibial cartilage, respectively). Very
similar results were obtained with the ACLT model: the
most profound effects were found in femoral cartilage,
with similar collagen damage in tibial cartilage (again not
statistically signiÞcant in tibial cartilage; Fig. 3, right panel).0
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Fig. 3. Changes in collagen damage (percentage denatured colla-
gen viz. denatured collagen normalized to the total collagen
present in the cartilage): values are presented for cartilage of
control (C) and experimental (E) knee joints. A: individual changes
in collagen damage of the femoral cartilage in the groove model
(at 10 weeks). B: average collagen damage (mean±S.E.M.), in the
femoral cartilage (Þlled symbols, solid lines; P<0.02) and tibial
cartilage (open symbols, dotted lines; P<0.14) of the groove
model (N=10, at 10 weeks) and the ACLT model (N=5; P<0.03
and 0.07, respectively).CARTILAGE DNA CONTENT AND PROTEOGLYCAN TURNOVER
The cellularity of the femoral cartilage, as determined by
its DNA content (expressed per wet weight), was dimin-
ished slightly although not statistically signiÞcantly in the
groove model (N=10; 0.22±0.04 mg/g vs 0.18±0.02 mg/g
and 0.19±0.04 mg/g vs 0.16±0.02 mg/g for control vs
experimental joints for femoral and tibial cartilage, respect-
ively). The slight decrease might be attributed to swelling of
the cartilage matrix because of collagen damage. After
40 weeks the experimental (osteoarthritic) joints showed a
slightly diminished DNA content in the femoral cartilage
(N=3; 0.21±0.02 mg/g vs 0.15±0.02 mg/g, not statistically
signiÞcant) whereas the DNA-content in the tibial
cartilage was unchanged (N=3; 0.16±0.03 mg/g vs
0.16±0.01 mg/g). For the ACLT model no signiÞcant
changes in DNA content were found (N=10; 0.21±
0.05 mg/g vs 0.21±0.06 mg/g and 0.17±0.04 mg/g vs
0.19±0.05 mg/g, for control vs experimental joints for
femoral and tibial cartilage, respectively).
Synthesis of proteoglycans (PGs), important for
resilience of the cartilage, was signiÞcantly increased in
cartilage from the condyles of the experimental joints in all
10 animals, compared to that of cartilage from control joints
[Fig. 4(a)]. This increase was also observed in tibial
cartilage [Fig. 5(a), dotted line] and maintained for up to
40 weeks after surgery (N=3; 6.81±0.37 nmol/h*g vs
10.59±0.49 nmol/h*g and 4.51±0.42 nmol/h*g vs 6.95±
1.03 nmol/h*g; P≤0.04 and P≤0.04, for control vs exper-
imental joints for femoral and tibal cartilage, respectively).
The release of the newly formed PGs, even when
normalized to the (enhanced) synthesis of newly formed
PGs (percentage new release), as a measure of retention
of the newly formed PGs, was consistently increased
[Fig. 4(b)]. A difference also seen in tibial cartilage
[Fig. 5(b), dotted line] and still evident after 40 weeks (N=3;
9.63±1.03% vs 17.55±0.66% and 19.25±3.55% vs
23.89±1.5%; P≤0.02 and P≤0.19, for femoral and tibal
cartilage, respectively). The ineffectively enhanced syn-
thesis of PGs was also observed in the ACLT model. The
synthesis rate of PGs was enhanced, as was the (percent-
age) release of these newly formed PGs, in femoral and
tibial cartilage [Fig. 5(a),(b)]. The values for control knee
cartilage in the ACLT model did not differ from those in the
groove model.
The total amount of PGs released from cartilage of the
experimental joints was enhanced, when expressed as
absolute values (P≤0.0001 and P0.004 for femoral and
tibial cartilage, respectively; data not shown) and when
normalized to the PG content of the cartilage [Fig. 4(c)].
Similar results were observed for the tibial plateau
[Fig. 5(c), dotted line]. The difference was still evident after
40 weeks (N=3; 4.88±1.26% vs 12.53±0.79% and
12.53±2.17% vs 16.09±0.85%, P≤0.03 and P≤0.08, for
femoral and tibal cartilage, respectively). In the ACLTmodel
similar loss of PGs was observed [Fig. 5(c)]. Also for PG
release control conditions did not differ between both
models.
The ineffective PG synthesis and the increase in PG
release resulted in a decreased PG content in the exper-
imental joints compared to the control joints for all ten
animals tested [Fig. 4(d)]. Importantly, the changes in PG
content matched those found in tibial cartilage [Fig. 5(d),
dotted line], that was not surgically damaged. PG content
remained diminished for at least up to 40 weeks for both
condylar and tibial cartilage (N=3; 55.1±6.9 mg/g vs
38.8±5.7 mg/g and 48.6±4.7 mg/g vs 42.0±3.9 mg/g,
Osteoarthritis and Cartilage Vol. 10, No. 2 151P≤0.16 and P≤0.10, respectively). In the ACLT model this
decrease in PG content was observed in femoral and tibial
cartilage as well [Fig. 5(d)]. No differences between control
knees of the groups were found. Since DNA-content did not
differ statistically signiÞcantly, it is considered valid to
express all data per wet weight of tissue.
To summarize the most important features, the changes
in femoral cartilage and also in tibial cartilage (individual
data not shown) in the groove model were quantitatively
identical for all animals tested. Moreover, all changes
evaluated in the groove model remained for at least up to
40 weeks. Contralateral control knees did not differ statisti-
cally between the two models. Furthermore, most changes
in the groove model were qualitatively similar to those
measured in the ACLT model (Table III). However, the
synovial inßammation (histology) and MMP activity were
both less severe and the histologically determined cartilage
damage was more severe in the groove model compared
to the ACLT model.0
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Fig. 4. Changes in parameters of condylar cartilage in the groove model (at 10 weeks). Values are presented for cartilage of control (C) and
experimental (E) knee joints of individual animals. A: sulfate incorporation rate as a measure of proteoglycan (PG) synthesis rate (nmol
SO2−4 /hour per gram wet weight of cartilage). B: percentage new PG release (release of newly formed PGs in 3 days normalized to PG
synthesis rate) as a measure for retention (% new PG release). C: percentage total release of PGs [release of total glycosaminoglycans
(GAG, resident plus newly formed) in 3 days normalized to the GAG content of the explants (% GAG release)]. D: PG content depicted as
GAG content (mg GAG per gram wet weight of cartilage).Discussion
The present study demonstrates that chondral damage
applied to condylar weight-bearing cartilage, followed by
10 weeks intensiÞed loading of the affected joint, results inhistological and biochemical changes similar to those seen
in the canine ACLT model of OA. The difference is that in
the groove model, it is the perpetuation of the initial
cartilage damage intrinsic to the process of OA causing the
slow progression of joint damage, whereas in the ACLT
model the process of OA remains forced by continuous joint
instability.
OA is a disease that develops very slowly. Clinically,
early stages are difficult to deÞne because of the minimal
correlation between primary changes in cartilage, such as
altered chondrocyte matrix turnover, and clinical par-
ameters, such as pain, joint stiffness, and joint space
narrowing, the latter still the gold standard in evaluation of
clinical OA. For in vivo evaluation of early OA, several
animal models are used3,4. One of the most frequently
used models is the ACLT model in the dog, which was Þrst
described by Paatsama5 and Pond and Nuki6. This model
has been shown, by the groups of Pelletier9,10 and
Brandt11,12 and many others (e.g.8), to be very useful in
evaluation of therapy aimed at slowing down progression of
disease.
Trauma, as in the groove model, is in addition to joint
instability one of the possible triggers for OA in humans. As
we presently show, chondral mechanical damage followed
by intensiÞed loading of the affected joint results within 10
152 A. C. A. Marijnissen et al.: Canine model of OA0
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Changes as a result of experimental OA in the ‘groove’ model (at 10 weeks) compared to those in the ACLT
model
% Change in Femoral cartilage Tibial cartilage
Groove ACLT P≤ Groove ACLT P≤
Collagen damage +37±10 +27±12 ns +24±11 +15±8 ns
Proteoglycan synthesis +95±21 +151±31 ns +111±14 +144±36 ns
% release new PGs +87±24 +40±17 ns +35±12 +25±14 ns
PG content −18±3 −18±2 ns −13±3 −23±4 ns
% total PG release +84±16 +61±26 ns +41±13 +34±17 ns
Mean values ±S.E.M. are given; N=10 for all parameters except for collagen damage in the ACLT model (N=5).
Changes (%) are calculated as a percentage of the contralateral control knee. ns: not statistically signiÞcant by
unpaired t-test.weeks in biochemical and histological changes that are
identical to those of OA caused by joint instability in the dog
and persist for at least 40 weeks. These features were not
only found in the surgically damaged condylar cartilage but
also in the opposing tibial cartilage, though this cartilage
was not surgically affected. The latter was checked by
macroscopic and microscopic evaluation. Matrix metallo-
proteinases, which are able to damage collagen andproteoglycans33,34, are involved in this respect, as shown
by the elevated activity of MMP-1, -3 and -13 in synovial
ßuid. In addition, damage of the tibial plateau is most likely
also the result of incongruity of the articular surfaces after
condyles were damaged.
The contralateral joint of each dog was used as a control.
Although immobilization has been reported to cause joint
damage35, more than 90% of the time there was normal
Osteoarthritis and Cartilage Vol. 10, No. 2 153use of the contralateral joint and there was movement of
the Þxed knee and with that, nutrition of the cartilage by
ßuid ßow. Others showed that sham operation gives results
similar to those for unaffected control knees in the ACLT
model21. Comparison of the ACLT model and groove
model with respect to control values suggests that also in
the groove model the contralateral knees may be used as
a control (no statistically signiÞcant differences in control
values between both models).
It can only be speculated whether it is crucial to apply
intensiÞed loading of the affected joint, and whether surgi-
cal damage of the cartilage per se is required in this model.
However, it might be expected that the combination of
cartilage damage and intensiÞed loading is essential in the
induction of the observed effect. A study of Bennett et al.36
showed that small defects in cartilage alone do not cause
widespread changes in the knee joint of dogs.
Quantitatively similar effects were found in all animals
of the groove model. This indicates that although
standardization of the grooving has its restrictions, the
results obtained are highly reproducible. The increase in
PG synthesis seen in OA cartilage has been explained as
an ineffective attempt to repair cartilage37. However, this
enhanced synthetic activity does not compensate for the
enhanced PG release, because most of the newly formed
PGs are lost from their matrix shortly after being synthe-
sized37. The increased collagen damage reßects disrup-
tion of the collagen network in the cartilage, which might
be responsible for the decreased retention of newly
formed PGs38,39 and hence for the decreased PG
content.
The histological damage seen in the groove model
was graded as slightly, but statistically signiÞcantly, more
severe than that seen in the ACLT model. This might be
due to the initial grooving of the cartilage. On the other
hand some investigators have found more severe histo-
logical changes in the ACLT model4042 than we found.
As described by Myers et al. in 199040, the severity of the
pathologic changes varies in many laboratories, which
could be related to differences in animals age, weight or
breed and the postoperative exercise regimen, or the
length of time from surgery to death of the animal. We
used inbred Beagle dogs, while others used mixed breed
dogs. The use of inbred Beagle dogs has the advantage
that the variation is small and therefore, fewer animals
are needed for statistical evaluation. We were also eager
not to damage soft tissue and we prevented bleeding
during surgery as much as possible, knowing that intra-
articular blood during ACLT signiÞcantly contributes to the
Þnal joint damage40,43.
Inßammation of synovial tissue in the groove model was
mild and statistically signiÞcantly less severe than in the
ACLT model. Assuming MMP activity to originate for a
signiÞcant part from the synovial tissue, the statistically
signiÞcantly higher MMP activity in the ACLT model com-
pared with the groove model corroborates the synovium
histology.
The integrity of the cartilage matrix and chondrocyte
function in the presently evaluated groove model changed
slightly in the following months. Our Þrst observation in
three animals in this respect is a minor increase of struc-
tural damage (collagen damage, PG content, and cartilage
histology) over time up to 40 weeks after surgery. In the
ACLT model it has been reported that after a rapid initiation
within several weeks, it takes years before degenerative
changes become quantitatively comparable to those seen
in human clinical OA7, also a very slow process. From ourhistological observations it is not to be expected that the
changes in the groove model allow spontaneous repair
anymore. On the contrary, histological damage after
10 weeks was signiÞcantly more severe in the groove
model than in the ACLT model.
In conclusion, chondral damage followed by intensiÞed
loading results in features of OA strongly resembling those
of the ACLT model. Changes persist over a period of at
least 40 weeks. Assuming that the induced changes indeed
lead to joint destruction over the years as seen in clinical
human OA, the groove model may be useful for evaluation
of treatment of early OA. Since the induced degenerative
changes are evoked by a one-time trauma, the groove
model might even be more sensitive for monitoring
effects of treatment, because attempts to repair are not
counteracted by continuing joint instability as in the ACLT
model.Acknowledgments
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